A directed hypergraph is powerful tool to solve the problems that arises in different fields, including computer networks, social networks and collaboration networks. In this research paper, we apply the concept of single-valued neutrosophic sets to directed hypergraphs. We introduce certain new concepts, including single-valued neutrosophic directed hypergraphs, single-valued neutrosophic line directed graphs and dual single-valued neutrosophic directed hypergraphs. We describe applications of single-valued neutrosophic directed hypergraphs in manufacturing and production networks, collaboration networks and social networks. We develop and implement algorithm for our certain networks models based on single-valued neutrosophic directed hypergraphs
In real life applications, it is complicated to use neutrosophic set in scientific and engineering problems having the values from real standard or non-standard subset of ]0 − , 1 + [. To apply neutrosophic sets in real life problems more conveniently, we use single-valued neutrosophic sets.
Definition 2.2. [28] Let X be a set of points with a general element in X denoted by x. A single-valued neutrosophic set(SVNS) S in X is an object having the form S = {(x, α S (x), β S (x), γ S (x))|x ∈ X}, which is characterized by a truth-membership function α S , an indeterminacy-membership function β S and falsity-membership function γ S , where the functions α S : X → [0, 1], β S : X → [0, 1] and γ S : X → [0, 1] are subsets of [0, 1] . There is a restriction on the sum of α S (x), β S (x) and γ S (x), such that 0 ≤ α S (x)+β S (x)+γ S (x) ≤ 3.
Definition 2.3. [1] The support of a SVNS S = {(x, α S (x), β S (x), γ S (x)) : x ∈ X} is defined as supp(S)={x ∈ X|α S (x) = 0, β S (x) = 0, γ S (x) = 0}. supp(S) is a crisp set.
We now define a single-valued neutrosophic directed hypergraph.
Definition 2.4.
A single-valued neutrosophic directed hypergraph on a non-empty set X is defined as an ordered pair D = (V, H), where V = {A 1 , A 2 , A 3 , . . . , A k } is a family of non-trivial single-valued neutrosophic subsets on X and H is a single-valued neutrosophic relation on SVNSs A i such that
2. X = k supp(A k ), for all A k ∈ V .
Here {E 1 , E 2 , E 3 , · · · , E r } is the family of directed hyperedges.
Definition 2.5. A SVN directed hyperedge(or hyperarc) is defined as an ordered pair A = (u, v), where u and v are disjoint subsets of nodes. u is taken as the tail of A and v is called its head. t(A) and h(A) are used to denote the tail and head of SVN directed hyperarc, respectively. In SVNDHG D = (V, H), any two vertices s and t are adjacent vertices if they both belong to the same directed hyperedge. A source vertex s is defined as a vertex in
Definition 2.6. A SVNDHG D = (V, H) can be represented by an incidence matrix. The incidence matrix of a SVNDHG is defined by an n × m matrix [b ij ] as:
We illustrate the concept of a single-valued neutrosophic directed hypergraph with an example.
The incidence matrix of D = (V, H) is given in Table 1 . Table 1 : Incidence matrix of SVNDHG .
The SVNDHG is shown in Figure 1 .
and γ H j (v i ) denote the truth-membership, indeterminacy and falsity-membership values of vertex v i to directed hyperedge H j , respectively. Definition 2.8. A SVNS S = {(x, α S (x), β S (x), γ S (x)) : x ∈ X} is called an elementary single-valued neutrosophic set if α S , β S and γ S are single valued on the support of S. A SVNDHG D = (V, H) is an elementary SVNDHG if its all directed hyperedges are elementary.
Definition 2.9. The strength of a single-valued neutrosophic directed hyperedge is defined as η(
The strength of directed hyperedge describes that the objects having the participation degree at least η(H i ) are grouped in the hyperedge H i . 
Since D is elementary we have A j ≤ A k , and since D is support simple we have A j = A k . Hence D is strongly support simple. The converse part of the theorem can be proved trivially by using the definitions. Proof. Since D is simple and elementary, each non trivial subset of V can be the support set of at most one A j ∈ H. Hence |H| ≤ 2 n − 1. We now prove that there exists an elementary, simple
Then every set containing single element has height (1, 1, 1), height of every set containing two elements is (0.5, 0.5, 0.5) and so on. Hence D is elementary, simple and |H| = 2 n − 1.
.., < v 1 = v, and w n > w n+1 >, ..., > w 1 = w > 0, which satisfies the properties:
known as core hypergraphs of SVNDHG D and is denoted by c(D).
The corresponding sequence of
Incidence matrix of D is given in Table 2 . Table 2 : Incidence matrix of D .
The corresponding graph is shown in Figure 2 . 
Thus, D is strongly support simple and support simple. The induced fundamental sequence of D is given in Figure 3 . 
It can be noted that D is sectionally elementary if and only if α
Definition 2.14. Let D=(V, H) be a SVNDHG. The partial single-valued neutrosophic directed hypergraph of D is defined as an ordered pair
The sequence is called simply ordered if it is ordered and if whenever H * ∈ H * j+1 \ H * j , then H * V j . Thus the SVNDHG is also simply ordered. Example 2.3. Consider a SVNDHG D=(V, H), where V = {v 1 , v 2 , v 3 , v 4 } and H = {H 1 , H 2 , H 3 }, which is represented by the incidence matrix given in Table 3 . Table 3 : Incidence matrix of D. and so on. The corresponding SVNDHG is shown in Figure 4 . 3 Single-valued neutrosophic line directed hypergraphs
is connected if a SVN directed hyperpath exists between each pair of distinct nodes. Definition 3.3. Let any two vertices, say s and t, be connected through a SVN directed hyperpath of length k in a SVNDHG. Then the strength of the SVN directed hyperpath is defined as,
The strength of connectedness between s and t is defined as, 
This shows that there exists at least one directed hyperpath between each pair of vertices. Hence D is connected.
We now define the dual SVN directed hypergraphs. 2 If |V | = n, then H * is the SVNS on the set of directed hyperedges {V 1 , V 2 , V 3 , · · · , V n } such that V i = {H j |v i ∈ H j , H j is the directed hyperedge in D}. This means that V i is the set of those directed hyperedges which contain the vertex v i as a common vertex.
The truth-membership, indeterminacy and falsity-membership values of V i are defined as,
We describe the method of construction of dual single-valued neutrosophic directed hypergraph D * of a SVNDHG D as a simple procedure given below. We also describe an example.
Construction 1.
Let D = (V, H) be a single-valued neutrosophic directed hypergraph. The procedure of constructing the dual single-valued neutrosophic directed hypergraph contains the following steps.
1. Make the single-valued neutrosophic set of vertices of D * as V * =H.
2. Define a one to one function f : V → H from the set of vertices to the set of directed hyperedges of D in the way that if the directed hyperedges H s , H s+1 , H s+2 , · · · , H j contain the vertex v i , then v i is mapped onto H s , H s+1 , H s+2 , · · · , H j as shown in Figure 5 .
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The incidence matrix of D * is given in Table 4 . Table 4 : Incidence matrix of dual single-valued neutrosophic directed hypergraph. 
Then the duality of D * implies that v i , v j ∈ H l and v i , v j ∈ H m , which is a contradiction to the statement that D is linear. Hence D * is linear.
The truth-membership, indeterminacy and falsity-membership values of vertices and hyperedges of L(D) are defined as,
respectively. 
Let
where H j are those edges of G in which z i is the incidence vertex, that is,
We claim that D is a linear SVNDHG. Consider the directed hyperedge
From the definition of SVNDG, we have
Thus D is SVNDHG. We now prove that D is linear.
1. Since the truth-membership, indeterminacy and falsity-membership values of all the vertices of D are same. Therefore, supp(ρ i ) ⊆ supp(ρ j ) implies i = j, for each 1 ≤ i, j ≤ r.
2. On contrary, suppose that supp(ρ i ) supp(ρ j ) = {w l , w m }, that is, the both edges w l , w m have two incident vertices in G, which is a contradiction to the statement that G is simple. Hence 
By definition of strength of connectedness, we have
Since H i and H j were chosen arbitrarily. Hence L(D) is connected. The converse part of the theorem can be proved on the same lines. ( Figure 7 : A SVNDHG and its 2−section.
Applications
Graphs and hypergraphs can be used to describe the complex network systems. The complex network systems, including social networks, World Wide Web, neural networks are investigated by means of simple graphs and digraphs. The graphs take the nodes as a set of objects or people and the edges define the relations between them. In many cases, it is not possible to give full description of real World systems using the simple graphs or digraphs. For example, if a collaboration network is represented through a simple graph. We only know that whether the two researchers are working together or not. We can not know if three or more researchers, which are connected in the network, are coauthors of the same article or not. Further, in various situations, the given data contains the information of existence, indeterminacy and non-existance. To overcome such type of difficulties in complex networks, we use single-valued neutrosophic directed hypergraphs to describe the relationships between three or more elements and the networks are then called the hyper-networks .
Production and manufacturing networks:
In a production system, there is a set of goods which can be produced using different technologies or devices. A SVNDHG can be utilized more precisely to illustrate a production and manufacturing system. Consider a production system as given in Figure 4 , where the set of square vertices represents the products which are taken as input to produce the other products as given in elliptical vertices. Figure 8 : production system using a SVNDHG.
The set of directed hyperedges
6 } contains the devices or technologies which are used in our production system to design new products. Here we use the devices {Silicon photovoltaic system, Electric hob, Ultrasonic shower, Electric heater shower, Harvesting system, Washing machine}, which are represented by directed hyperedges. A directed hyperarc (t(d), h(d)) represents that the goods in set t(d) are required to manufacture the products in the set h(d). The product nodes are taken as storage. The truth-membership and falsity-membership values of each product node interpret that how much of the product is available to supply and unavailable to fulfill the demand, respectively. The indeterminacy value contains the imprecise or inexact information about the product. The truthmembership degree of each directed hyperedge(or device) describes that how much this technology is appropriate to manufacture the product. For example, the directed hyperedge d 2 =({Electricity, Food}, {Nutrition}) interprets that the electric hob uses electricity and food to produce nutrition. It is noted that more than one technologies can be adopted to manufacture the same product using different or same inputs. The truth-membership degrees of each hyperedge evaluates the suitability of that device. For example, electric heater shower having membership degrees (0.6, 0.1, 0.2) is more useful device than an electric shower (0.6, 0.1, 0.4) to a body cleaner, as its falsity-membership value is less than an electric shower.
2.Collaboration network using a SVNDHG:
We use a SVNDHG as a directed hyper-network to discuss the teamwork or joint efforts of researchers from different fields. Consider a SVNDHG D = (V, H) as a collaboration network. The vertices or nodes of the hypergraph are taken as the researchers. The set of vertices V is {M 1 , M 2 , M 3 , P 1 , P 2 , P 3 , C 1 , C 2 , C 3 , C 4 , B 1 , B 2 , B 3 , B 4 }, where the subset of vertices {M 1 , M 2 , M 3 } represents the group of researchers in field of Mathematics, {P 1 , P 2 , P 3 } represents the group of researchers in field of Physics, {C 1 , C 2 , C 3 , C 4 } represents the group of researchers in field of Chemistry and {B 1 , B 2 , B 3 , B 4 } represents the group of researchers in field of Biology. The directed hyperedges of SVNDHG interpret the group of members which are working together at the same project. The corresponding SVNDHG is given in Figure 9 . Figure 9 : SVNDHG representing the collaboration network.
The truth-membership value of each researcher represents their published articles, indeterminacy shows their submitted articles that may be accepted or rejected and the falsity-membership value describes the rejected articles. For example, (0.7, 0.6, 0.5) shows that the researcher M 1 has 70% publications, 60% submitted papers and 50% of his research work is rejected. The value of a SVN directed hyperedge depicts the joint work of the researchers which are connected through the hyperedge. For example, truth-membership, indeterminacy and falsity-membership values (0.5, 0.1, 0.3) of H 2 describe that the researchers M 2 , M 3 , P 2 from the field of Mathematics and Physics have 50% publications, 10% submitted papers and 30% rejected papers, respectively, while working together. By calculating the strength of each SVN directed hyperedge, we can conclude that which group of researchers has better work done as compared to others. By routine calculations, we have η( Thus, we have H 8 is the strongest edge among the all. So we conclude that the researchers P 1 , P 3 from the field of Physics and C 1 from the field of Chemistry have done more joint work as compared to others, i.e., they have 50% publications, 30% of their research work is submitted and 30% papers are rejected. The method adopted in our example can be explained by a simple algorithm given in Table 5 . 
4. Find the strongest directed hyperedge using steps 5 − 14. 5. do p from 1 → r 6. J = (0, 0, 1) 7.
do q from 1 → r 8.
if
print*, H p is a strongest SVN directed hyperedge.
13.
end if 14. end do 3. Social networking: A SVNDHG can also be used to study and understand the social networks, using people as nodes (or vertices ) and relationships between two or more than two people as singlevalued neutrosophic directed hyperedges. Consider the representation of social clubs and its members as a SVNDHG D = (V, C), where V = {Alen, Alex, Andy, Ben, Ava, Anna, Amy, Alice, Chris, Clay, Dave, Pal} interpret the members of different social clubs and the set of SVN directed hyperedges C={C 1 , C 2 , C 3 , C 4 , C 5 , C 6 , C 7 , C 8 , C 9 , C 10 } represents the social clubs. Each directed hyperedge(or social club) connects the people having some common characteristics to each other. The social hypernetwork is shown in Figure 10 . The line directed graph of social network SVNDHG is given in Figure 10 with dashed lines. Each common edge between two social clubs describes the common characteristics of members of different clubs. For example, the edge C 1 C 2 shows that the members of C 1 and C 2 have 50% common characteristics, 40% different to each other and 20% they have unpredictable behavior. The procedure followed in our example can be explained by means of simple algorithm given as follows.
